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The effect of plasma glucose concentration on the cerebral uptake of p 'Fj-fluorodeoxy-D-glucose (FDG) 
was studied in a broad concentration range in a rabbit brain mode) using dynamic FDG PET measure- 
ments. Hypoglycemic and hyperglycemic conditions were maintained by manipulating plasma glucose 
applying i.v. glucose or insulin load FDG utilization (K) and cerebral glucose metabolic rate (CGMR) 
were evaluated in a plasma glucose concentration range between 0.5 mM and 26 mM from the kinetic 
constant £ 2 , * 3 obtained by the Sokoloff model of FDG accumulation. A decreasing set of standard 
FDG uptake values found with increasing blood glucose concentration was explained by competition 
between the plasma glucose and the radiopharrnacon FDG. A similar trend was observed for the forward 
kinetic constants k\ t and *j in the entire concentration range studied. The same decreasing tendency of* 2 
was of a smaller magnitude and was reverted at the lowest glucose concentrations where a pronounced 
decrease of this backward transport rate constant was detected. Our kinetic data indicate a modulation of 
thTfcin~eHcs of carbDhydrate nnrtalKrtism^ the-irfood-gmcose concentration and report on * *peetal 
mechanism compensating for the low glucose supply under conditions of extremely low blood glucose 
level. 
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INTRODUCTION 

Glucose is a major substrate for brain energy metabolism, and a significant fraction 
of glucose metabolism is coupled to neuronal activity. It is of critical importance for 
normal function and resistance to injury in both the mature and developing brain [1, 
21]. The plasma membranes of most mammalian cells contain one or more proteins, 
which transport glucose by facilitated diffusion. The principal glucose transporters in 
the brain are GLUT1 (present at high concentration at the blood brain barrier and 
astrocytes), GLUT3 isofonns expressed in neurones and GLUTS in microglia [15, 
16,28]. 
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Although brain glucose metabolism is basically phosphorylation limited [17] I 
transport processes may become rate limiting under special conditions. Changes in ■ 
the expression of GLUT 1 and GLUT 3 have been reported during postnatf> devel- 
opment [19, 26], following transient focal ischemic injury [25]and under other spe- I 
cial conditions [4, 15]. Great attention has been given to the changes in the D-glu- I 
cose transport activity in hyperglycemic or hypoglycemic state [5, 11, 12, 13, 1.7, 19, 
20, 29], but this intensively studied issue still has a number of unsolved questions and | 
it has resulted in controversial results as well. A substantial part of the related inves- | 
tigations has been based on detecting changes in protein and/or RNA synthesis or 
transporter protein degradation, but research on the putative glucose dependent reg- _ 
ulation of the brain glucose metabolism is required. I 

PET, using [ l8 F]-2-fluoro-2-deoxy-D-glucose (FDG), enables the in vryo mea- ■ 
surement of regional glucose metabolism under physiological and pathological con- 
ditions alike. FDG utilisation can be quantitized by using compartmental analysis I 
[22] allowing the processes comprising the glucose metabolism to be investigated in I 
detail. In this study, we sum up about the relationship between the kinetic parameters 
of FDG accumulation in rabbit brain and the plasma glucose level in a broad con ■ 
centration range using dynamic PET investigations. Data analysis has revealed a spe- | 
cial regulatory mechanism activated by extremely low blood sugar concentrations. 



MATERIALS AND METHODS . 1 

Animate | 

Rabbits of 2.7 ± 0.5 kg (mean ± SD, n« 17) were used throughout the experiments. 
The animals were provided ad libitum access to food except for the last five-hour 
fasting period prior to the PET investigations. The experimental protocol was I 
approved by the Laboratory Animal Care and Use Committee of University Medical • 
School of Debrecen based on the Helsinki declaration. In every experimental group 
(control, hyper- and hypoglycemic group) at least 5 animals were used. The rabbits I 
were anaesthetised with i.p. urethane (0.5 g/kg) and alpha-chloralose (50 mg/kg). | 
One femoral artery and one femoral vein were cannulated [7], Glucose loading (40% 
glucose) and insulin (Actrapid MC 40 IU/ml, NOVO) was applied i.v. to manipulate . 
the plasma glucose concentration. Hyperglycemia was achieved applying a glucose | 
load of 2-3 ml 40% glucose/kg body weight, 120 minutes prior to the FDG PET 
study, followed by an another 5 ml dose 90 minutes later. Hypoglycemia was induced 
applying 15-20 IU insulin (120 minutes prior to the PET scan) followed by another I 
insulin administration (10 IU), 30 minutes prior to the FGD injection. Plasma glu- I 
cose levels were measured before the glucose and insulin treahnents and during the 
PET scans as indicated in Fig. 1 . Two animals were twice subjected to dynamic PET i 
investigations under different conditions. Rabbit No 1 was manipulated in the first J 
experiment in a way to have 26 mM, the highest (in the whole set of measurements), 
blood glucose concentration and two days later, the same animal was investigated . 
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I under extremely low blood glucose concentration (1.1 mM glucose). Rabbit No 2 
was adjusted first to hypoglycemic condition (2 mM blood glucose concentration) 
and two days, later this animal was used as a control with 7.3 mM blood glucose con- 

Icentration. 
Serial arterial blood sampling was performed in all cases to allow the kinetic 
analysis of FDG accumulation. 

^ PET scanning 

I FDG was synthesised according to Hamacher et al. [6]. The radiochemical purity of 
i&FDG was higher than 97%, and the specific activity was close to 2 Ctyimol. PET 
scans were carried out using a GE 4096 whole body PET camera. The laboratory ani- 

Imals were intravenously given 2-4 mCi FDG in 2 ml physiologic salt solution as a 
20-30 sec bolus. All PET measurements were of dynamic type with the number and 
length of the exposures as follows: 12x30 sec, 5*1 min, 5*3 min, and 3x5 min. Data 

(used for the construction of static images were collected between the 40th and the 
60th min. Transmission scans obtained with a GeWGa M external rotating rod source 
have been used to correct for tissue attenuation. 

The regional FDG uptake was expressed as the standardized uptake value (SUV) 

I and was calculated as the ratio of the decay-corrected tissue concentration (in 
mCi/kg) and the injected dose per body weight (in mCi/kg). 
Dynamic analysis of brain glucose metabolism was carried out using the three 

t compartment Sojcoloff's model of glucose accumulation . 122^ as modified by Phelps 
et al. (18] including the dephosphorylation rate constant of FDG. Kinetic rate con- 
stants (k { is the rate constants of the glucose transport from the intravasal compart- 

Iment to the intracellular compartment, k 2 is the rate constant of the reverse transport, 
k} and fc* are the rate constants of the phosphorylation and dephosphoiylation reac- 
tion, respectively) of the model were evaluated using the matrix representation of the 
model [8]. The rate of FDG utilization (K, expressed in 1/min units) and the cerebral 
| glucose metabolic rate (CGMR expressed in mg/100 g/min) were calculated as: 



CGMR = ^-^- 
Lc k 2 +kj 

where C p denotes plasma glucose concentration (mg/100 g), he is the Lumped con- 
stant, [22] the numerical value of which was assumed to be 1. 
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RESULTS 

The plasma glucose concentrations of the untreated animals (without glucose and 
insulin load) were in the range of 5-12 mM (7.86± 1.5, n - 6). Administration of 
glucose brought about an immediate increase in the blood glucose concentration fol- 
lowed by a slower decrease. Applying a second glucose load we succeeded to main- 
tain a relatively constant hyperglycemic level of glucose during the PET scan (Fig. 
1). The manipulated plasma glucose level of this group of animals ranged from 13 to 
26 mM (20.7 ± 5.3, n = 6). Our insulin administration protocol resulted in an abrupt 
decrease of the plasma glucose concentration prior to the PET scan (Fig. IB) and was 
efficient in maintaining very fairly stable hypoglycemic glucose levels in the range 
between 0.5 and 2.6 mM (1.66 ± 0.84, n - 5) during the PET measurements. For a 
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Fig. i. A: Characteristic time dependence of plasma glucose concentration in a representative eug- 
lycemic <Q), hypoglycemic («) and hyperglycemic (A) animal. B: Time course of Ae plasma glucose w . 
contrition upon insulin treatment in a single experiment Hypoglycemia was induced by , .* a*n nistra- 
tion of 20 IU insulin 120 minutes prior to the FGD injection followed by another 10 IU insulin dose 
90 minutes later. Arrows indicate time points of glucose and insulin administration 



Acta Biologica Hungarica 52. 2001 



Hypoglycemia and CGMR 



39 




-I r—r 

0 5 10 15 20 25 

Glucot* concentration (mM) 

Fig. 2. Effect of plasma glucose concentration on the standard 
uptake value of FDG accumulation in rabbit brain 



representative experiment a mean plasma glucose concentration of 2.6 * 0.15 mM 
was obtained from data displayed in Fig. IB averaged over the time of emission data 
collection. 

The SUV were determined for the whole brain and plotted against plasma glucose 
concentration. The results displayed in Fig. 2 show a pronounced decrease of FDG 
accumulation with -rising concentration of the glucose in the blood. 

Results of the kinetic analysis are shown in Figs 3-5. Kinetic constant*, shows a 
monotonous decrease with growing blood glucose concentration in the whole range 
investigated (Fig. 3). Below 2 mM plasma glucose level, the numerical value of this 
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Fig. 3. Effect of plasma glucose concentration on the*, kinetic 
constant of glucose metabolism in the rabbit brain 
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Fig. 4. Effect of plasma glucose concentration on the kx kinetic 
constant of glucose metabolism in the rabbit brain 
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Fig. 5. Effect of plasma glucose concentration on the frj kinetic 
constant of glucose metabolism in the rabbit brain 



constant increases by a factor of 8. A similar tendency can also be observed n Jhe 
change of k> (Fig. 5). The concentration dependence of these forward P^ e te re U 
ve^tnilar to each other under euglycemic and hvpe^yeemiceondU.ons. n con 

although only a slight change was detected in du»Mn»« , th 
ttansport of FDG from the intracellular compartment to the ^^S&Sm 
hy^lycemic and normoglycemic range, a remarkable decrease ^ ^ numer.cal 
Xlas detected at low plasma glucose levels (Fig. 4). At low ^»gdS 
concentration (0.5-1 mM) parameter approached zero which was *»g»E"* 
a 5-10 times increase in the values of*, and The kinetic «2?S£f££S 
kinase catalysed glucose phosphorylation decreased monotonously with increasing 

plasma glucose levels. 
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Known values of it,, Jfc 2 and ky obtained from kinetic model calculations allowed 
the evaluation of the rate of FDG utilisation (Fig. 6) and the rate of cerebral glucose 
metabolism (Fig. 7). The former parameter showed a steadily decreasing tendency 
with the increase of the blood glucose level. Interestingly, the calculated CGMR vs 
plasma glucose concentration displayed minimum value in the physiological blood 
glucose concentration range and increased in both the hyperglycemic and hypo- 
glycemic direction. 

Two animals were reused in the experiments under conditions of different plasma 
glucose concentrations. With rabbit No. 1 hyperglycemic (extremely high level) con- 




€ 5 10 15 20 25 
Glucose concentration (mM} 

Fig. 6. Effect of plasma glucose concentration of the FDO utilization rate in the rabbit brain 
(euglycemic [(•). hypoglycemic (o) and hyperglycemic (□)) 
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Fig. 7. Effect of plasma glucose concentration on the glucose metabolic rate (CGMR) in the rabbit brain 
[euglycemic (•), hypoglycemic (6) and hyperglycemic (□)] 
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ditions were maintained first and in the experiment two days later FDG PET scan 
was completed on the same animal with hypoglycemic plasma glucose level. Rabbit 
No. 2 was subjected to the first measurement under hypoglycemic conditions and 
served as a control with physiological blood glucose concentration two days later in 
a second experiment. The results of the kinetic analyses of these measurements are 
summarised in Table 1 . The results obtained with these rabbits fitted in well with the 
trend of other measurements in rabbits used in only a single run. 



Table I 

Kinetic parameters of brain glucose metabolism on the rabbits each used under two different conditions 

of plasma glucose concentration 





Glucose, 

RlM 


K. 

1/min 


t/min 


A* 
1/min 


1/min 


LGMR. 
mg/100g'min 


Rabbit 1 


26.0 


0.00944 


0.05944 


0.25513 


• 0.04817 


■ M0.5 


Rabbit 1 


1.1 


0.31600 


0.48809 


0.06545 


0.12063 


14.9 


Rabbit 2 


2.0 


0.07869 


0.14270 


0.21387 


0.26280 


6.74 


Rabbit 2 


7.3 


0.00639 


0.O3650 


0.19870 


0.04406 


2 



DISCUSSION 



Having special Intention to carry out dynamic investigationsof glucose metabolism 
in the widest possible range of glucose concentration, we have chosen a laboratory 
animal experimental system. The rabbit brain has been selected as an experimental 
system for this purpose as the rabbit model has proved to be suitable for PET inves- 
tigations [3, 10]. It has also been suggested that the evaluation of the kinetic con- 
stants is superior to the analysis of the FDG utilization rate as the former can reflect 
metabolic changes more specifically. The precise calculation of glucose metabolic 
rate assumes exact knowledge about the numerical value of the Lumped constant. As 
no Lc data are available on rabbit brain we have postulatedlc » 1 . We assumed also 
that the value of the Lumped constant for rabbit brain does not change with the bloo d 
glucose concentration. This assumption has been made in analogy with the finding 
by Suda et al. [23] and Dienel et al. [2] who reported relatively stable Lu- ipcd con- 
stant for the rat brain in a wide range of plasma glucose concentration. Fairly stable 
normoglycemic and hypoglycemic plasma glucose concentrations were maintained 
during the time range of the PET measurements with the protocol outlined (Fig. I). 
Manipulation of the blood glucose was carried out during the last 2 hours before the 
dynamic PET scans. This time interval proved to be long enough for the regulatory 
mechanisms to produce alterations in the kinetic parameters and it could also be com- 
pared with the reported ones during which the changes in glucose transporter expres- 
sion (or translocation) and glucose transporter mRNA levels develop [29]. 
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FDG uptake in rabbit brain tissue was inhibited by increased glucose concentra- 
tion in the blood as it was seen from the inverse relationship between SUV values 
and plasma glucose level (Fig. 2), This finding was consistent with the competition 
between FDG and glucose. The extent of competition and the displacement of FDG 
by plasma glucose were determined by the K m values for these substrate molecules 
[22]. The relatively low K M values of GLUT1 and GLUT3 transporters resulted in a 
decline of the FDG uptake by the brain as the plasma glucose levels rose [17]. 
Moreover, FDG is a substrate analogue for hexokinase, thus both substrates compete 
for the binding/active site of this enzyme as well. Due to the competition of different 
level and other factors, the effect of blood glucose concentration on the FDG accur 
mulation may be tissue dependent. Accordingly, the FDG uptake of different tissues 
was inhibited to different extent by high plasma glucose levels [9 f 14, 24, 27, 28]. 
Glucose dependent changes in the individual rate constants of the FDG accumulation 
were studied in detail. Kinetic constant k u determining the transport rate from the 
intravasal space toward the extracellular and (non-phosphorylated) intracellular 
space, decreased monotonously with increasing glucose levels. Change in*! over the 
5-26 mM glucose concentration range was surpassed by that over the 1-5 mM range, 
the latter amounting to about an order of magnitude (Fig. 3). Glucose transport 
toward the tissues can become rate limiting at very low plasma glucose level and this 
may activate defined compensatory regulation mechanisms to increase the rate of this 
transport process. 

Of interest is the finding that change in the reverse transport rate parallels that of 
Jt| only above 3 mM glucose concentration but, below this threshold, an abrupt 
decrease uffetakes-place. A-smutar change in ihe values of k { and* 2 woukt be con- 
sistent with a simple, glucose concentration induced change, also including the pos- 
sibility of altered expression of the appropriate glucose transporter molecules or a 
translocation of these proteins. The change of opposite sign in these parameters 
means that these regulatory processes alone, even if they exist, cannot account for the 
detected behaviour of the transport constants. Allowing for a direct competition or an 
altered expression or even a translocation process, we still have to assume addition- 
al factors exerting different effect on forward and backward transport. One of the 
possibilities can be the appearance of a metabolite of a regulatory concentration in 
the hypoglycemic tissue environment, binding of which may result in altered trans- 
port characteristics of the transporter protein molecules but this assumption requires 
further experimentation. 

The glucose concentration dependence of the FDG utilization rate is displayed in 
Fig. 6 as calculated from the numerical values of k u k 2 and * 3 .This derived parame- 
ter shows the largest dynamic range with varying glucose concentration as it has con- 
tribution from all the three individual rate constants. It is interesting to note that the 
slight individual increase in the k 2 and Jfc 3 parameters at the highest glucose levels 
results in a pronounced increase of the CGMR in this concentration range (Fig. 7). 
The rising trend of CGMR at the lowest blood glucose levels tested reports on an 
overcompensation of the loss in CGMR expected at very low blood glucose level by 
changing the raolecutar parameters of the involved elementary processes. 
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In conclusion this study demonstrates that FDG uptake decreases in rabbit brain in 
animals with elevated blood glucose concentration. The reduced SUV values are in 
accord with the diminished numerical values of*,, and * 3 in the studied blood glu- 
cose concentration range. Kinetic constant k 2 changes in a very similar way except in 
the lowest, 1 mM-3 mM, concentration range. The observed changes are explained 
by a direct competition between FDG and glucose as well as an additional special 
compensatory mechanism. 
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The content of fatty acids in the muscles shows only insignificant 
changes in the course of 4 of the 5 control tests. 

In an experiment in which the respiratory metabolism was investigated 
there was observed an increase in the output of carbon dioxide and a some- 
what smaller increase in the oxygen intake. These phenomena are assumed 
to be due to a slight effusion of adrenalin during the experiment. 

VI. Experiments with Insulin. 

On rabbits with fatty livers a number of experiments have been carried 
out in order to study the effect of administration of insulin on the content 
of fat and glycogen in the liver. The liver's content of fatty acids and 
glycogen was determined at intervals of a few hours, in most cases three 
times altogether during an experiment. At the same time were determined 
the changes which occurred in the content of fatty acids and glycogen in 
" certain muscles and in the blood's content of fat and sugar.. The insulin 
employed was the ordinary commercial preparation manufactured by the 
Apotekernes Laboratorium, Oslo (Insulin A. L.). 1 

1. Insulin Dosage. 

In several of the experiments the insulin was injected intramuscularly, 
but otherwise it was dissolved in a 0.9 per cent NaCl-solution and 
administered slowly by intravenous infusion. By the latter mode of pro- 
cedure a rapid effect from the insulin is attained and by regulating the rate 
of inflow a steady administration of the hormone can be secured. The 
quantities of insulin administered varied somewhat, but in all experiments 
the doses were rather large. In the 8 experiments where insulin was given 
intravenously the dose varied from 14.5 to 34 I. V: The average rate of 
infusion ranged from about 3 to about 10 I. U. per hour. The object in 
using slow intravenous infusion of these large doses of insulin was to secure 
a prolonged effect of the hormone and to render this effect as intense as 
possible in order thereby to counterbalance the drawback attaching to these 
experiments, namely, that owing to the special mode of arrangement they 
cannot be of very long duration. 

The use of large doses of insulin without simultaneous" administration 
of carbohydrates is inadmissible in the case of such animals as rabbits, so 
long as they are in waking state, since they will then very soon fall into 
hypoglycaemic coma and perish in the attendant convulsions. During 
narcosis, however, large doses of insulin may be injected, which in several 
of the experiments cause the blood sugar to sink to very low values, probably 

* This preparation contains 40 I. U. insulin per 1 ml and is acidified by HC1 to 
pH - 3. The insulin A. L. is at all times controlled at the University physiological 
institute by Dr. O. J. Strand. 
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Fig. 13. Experiment No. 22. Intravenous infusion of insulin 
in 0.9 per cent NaCl-solution. 

right down to values corresponding to the residual reduction in the blood, 
without leading to the death of the animals. There is therefore every reason 
to suppose that it is owing to the non-occurrence of convulsions during 
anesthesia that the animals are able to stand the large doses of insulin so 
long as they are in narcotised state. On the other hand, it is also very often- 
seen that even considerable quantities of insulin fail to have so much effect 
in reducing the content of blood sugar as might be expected. 



2. Experimental Results. 

The results attained in the insulin experiments are assembled in tables 
(14 a — d) in the same manner as was done with the control experiments. 
Two of the experiments are moreover illusW^ted graphically in Figs. 13 
and 14. 



Experiments 



Table I4 a - 



Blood sugar 



No. 



Fasting 
blood sugar, 
mg|ioo ml 



Increment in 
bloodsugar after 
preparation for 
sample taking 



16 


9 6 


n 


106 


18 


joj 


*9 


10s 


so 


96 


St 


IOS 


33 


95 


33 


133 


34 


95 


»5 


104 


36 


zio 


37 


XM 


28 


80 


*9 


in 



Expressed in p. c of the fasting 
blood sugar is the 



Increment in 
blood sugar after 
sample taking 
and preparation 
therefor 



22 
6 
10 



14 
6 



37 



62 

s a 
22 

18 



33 

33 
-4 



s* 



Maximum 

fall in 
blood sugar 



22 

S4 

4S 

39 

54 

75 

37 

75 

77 

78 

66 

60 

39 
6 9 



Fasting 
blood fat, 
mgfico ml 



6x2 
480 
S9J 
S9S 
535 
458 

471 
510 

5 3 4 
485 

376 
400 

S04 



Blood fat at 
close of the 
experiment, 
mg/100 ml 



SS4 
4S9 
jo8 

S34 



419 
435 
449 
443 



369 
4J<> 
377 



Change in 
blood fat in p. c 
of fasting 
value 



- 9S 

- 4.4 

-Z4J 

- 10.2 

- 8.5 

- 7.6 

- is.o 
-15.5 



+ 5-3 
+ 7S 

-2 J. 2 



Urine 



Quant, 
in ml. 



ta 
40 
5 

8 
18 



Nin 
mg 



64 
133 
262 



Liver 



Weight 
in g 



7° 
9° 

87 C» 

80 

69 

59 
101 
10a 

98 

66 

70 

j 06 
jo; 



Table i + b. 



Liver fat 



No. 



Liver glycogen 



In percentage of wet weight 
of liver 



Change in liver glycogen between 
first and last sample reckoned 
per hoar 



In percentage of wet weight 
of liver 



16 



n 
18 



*9 
so 

31 

J 

33 
34 
35 
36 

37 

28 
20 



sample . 


and sample 


3rd sample 


0.40 


0.28 


0.26 
0.24 


o.6j 
0.48 


O.JO 

0.2s 


O.jf 

0.14 
0.14 


O.JT 


0.19 


0.14 
0.12 


4.11 


3-44 


1.39 
I.33 


3-*3 


3.13 


X33 
1. 17 


»-95 


3-34 


x.67 
1.47 


4.30 


300 


3.67 
3.86 


o.95 


1.07 


0.69 
0.69 


380 


3-33 


3.35 
3.19 


3-77 


I.31 





3.19 
3 39 

j. 80 



1.30 
'•8S 

J07 



In p. c. of 
1 initial value 



- 6.1 



o.j6 
0.6) 
1.8; 
2.08 



7 J 
■ zi.o 



9 3 
• xi. a 

-12.1 



In p. C of 
liver weight 



— 0.0/ 

— 0.0/ 

— 0.0/ 

— 0.46 

-0.39 



6.4 
4-7 
4-3 
6.8 
9.9 
11.4 
- 6,4 



In mg per 
kg body 
weight 



- 6 

- '9 

- 35 

- 16 
—305 

-IS* 



1 st sample and sample 



— 0.19 

— 0.30 

— 0.04 

— 0.36 
-0.34 

-0.24 



86 
84 



US 
• 81 



28.60 

27.6; 
21.71 

26*00 

10.15 

9-93 

8.60 

30.43 

i8.75 

14.45 
13.60 

17.08 
16.55 

X7 X 3 
17-53 

'S* 
2 80 

3*7 
2.j8 



20.20 

28.90 
10.84 

17.6; 

11.94 

11.70 

14.78 
30.80 

19.48 
16.75 
16.65 

19-94 
2.80 
2.60 



Change in liver fat 
between first and last 
sample reckoned 
per hour 



3rd sample 



3/. 7/ 
27.80 

37.7/ 
2J.SO 
18.8s 

2J.J0 

17.90 

X6.48 

16.70 
18.60 

30.63 
19.60 

lost 

36.73 
35.9° 
17.15 

X8.58 

33.10 



2.90 

2.J9 



In p. c of 
initial value 



In p. c oi 
liver weigl 



- j.o 

-r 0.1 

- 0.4 

- 2.6 
+ 10.3 

+ 153 
+ x8.6 

+ 56 
+ 4.1 
4- 4.0 
+ "3.4 

+ '-7 



— 0.)0 

— 0.02 

— O.08 

— O.69 
+ I.04 
+ 1.55 

+ x.6« 

+ X.o 

+ 0.5 
+ 0.* 
+ o., 
+ 0.* 



( 



( 



.xperiments 



with Insulin, 



Table 14c. 



Liver 



Weight 
in g 



7o 
90 

87 r 
80 

69 

59 
101 
ioa 

98 

66 

70 

106 

JOJ 



e in liver fat 
» first and last 
le reckoned 
•cr hour 



3f 

lue 


In p. c. of 
liver weight 

ft. 


> 


— 0.30 


r 


— O.03 


t 


-o.o£ 




— 0.6*9 


3 


+ 1.04 


3 


+ 1.5a 


5 


+ 1.60 


6 


+ r.05 


1 


+ o-57 


0 


+ 0.66 


4 


+ o.4r 


7 


+ 0.04 


S 


— 0.0/ 



No. 



16 

n 
is 

*9 



Muscle glycogen 



In per cent of muscles' 
wet weight 



1st sample 



23 
26 

*9 



0.38 
o.jr 
0.49 
0.49 
0.46 
°4) 
0.60 
o 62 
0.63 
0.66 

o-53 
o.54 

0.46 
0.43 
0.71 
0.66 

0.53 
0.47 

o-35 
0.30 

0.63 

0.67 
0.3 1 



and sample 



Change in muscle glycogen 
between first and last sample 



In p. c. of 
initial value 



0.47 
0.49 
0.49 
0.41 

O.fJ 

0.49 
0.32 
0.34 

o.54 
o.53 
0.61 
0-53 

o.33 
o.33 
0.47 
0.53 
0.41 
0.40 

045 
0.50 

0.63 

0.39 
0.42 



-35.8 

-27.7 

-18.3 

-r-46.3 

- r.6 

-41.8 
-17.7 



In p. c. of 
initial value 
per hour 



-I 7.4 


-3.7 


- 8.1 


— /.a 


+ 12.4 


+ 1.8 


— 46.0 


-S4 


- 17.0 


-3. 5 


+ 6.5 


+ 0.8 



-3-3 
-3-5 
-1.8 
+ 7.3 
-0.3 
-3.4 

— 2.2 



Muscle fat 



In per cent of muscles' 
wet weight 



1st sample 



0.88 
0.83 
0.81 
0.79 

0.94 
r.oo 

0.8 1 
0.68 

o.73 
0.96 
0.70 
1.03 

0.89 
0.74 



and sample 



0.63 
0.7s 
0.84 ■ 
0.80 

o.54 
0.70 

0.69 
o. S i 

<M5 

0.86 

0.63 

r.14 



0.7/ 
0.61 



Change in muscle fat between 
first and last sample 



In p. c. of 
initial value 



— 28.4 

— 9 .6 

+ 17 
+ 

-43-0 

— 3O.0 

-ISO 
-35.0 

— 38.O 

— 10.4 
— 10.0 
+ 10.7 



— r /-7 
— 17.6 



In p. c. of 
initial value 
per hour 



-4.3 
+.0.3 

+ O.J 
-6.3 

-3.8 

— 3.0 

-4.8 

— r.o 
-i.6 
+ 16 

—3.0 

— 3.2 



Table 14c!. Summary of Tables 143—140. 



No. 



j6 

n 
28 

*9 
30 

31 
23 
33 
24 
25 
26 

27 



Date 



V6-36 
»/*-36 
u/»-36 
»/*-36 
»/t-36 

"/•-36 
*/,. 3 6 
*/ t . 3 6 
«/i. 3 6 
"A-37 
V1-37 
12/1-37 

28 M /i!«36 

29 a /n-36 



Weight 

animal 
ing 



Maximum 
fall in blood 
sujjar from 
initial value 

in p. c. 

thereof 



Change in 
blood fat 

during 
experiment 
in p. c of 
initial value 



2640 
2230 
2040 
2330 
1530 

X520 

2240 
2320 
2200 

23x0 
2820 
3130 



-22 
S4 

US 
'$9 
-54 

-75 

-37 

-75 

-77 

-78 

-66 

-60 

'39 
-69 



- 9J 

- 4-4 
•*43 
-10.2 

- 8.5 

- 7 .6 
-ta:o 
- 15-5 



+ 5-3 
+ 7-f 

— 23.2 



Change per hour (in p. c, 
of liver weight) of 
liver's content of 



glycogen fatty acids 



— 0.02 

— 0.03 

— 0.03 

— 0.03 

— O.46 

-O.39 



-o.r9 
-0.20 
-0.04 
-0.26 
-0.34 
-0.39 
-0.24 



— O.JO 
+ 0.02 

— O.08 

— O.69 
+ I.04 

+ 1.52 

+ I.60 



+ I.O5 
+ 0.57 

+ 0.66 

+ 0.41 
±0.04 
— 0.01 



Change per hour (in p. c. 
of initial value) of 
muscles' content of 



glycogen 



-3.7 
— 1.2 
-fx.* 

-25 
+ 0.8 



-33 
-3.5 
-1.8 
+ 7.2 
-0.3 
-3.4 

— 2.2 



fatty acids 



-4-? 
-j.4 
+ 0.3 
+ o.z 
-6.2 

-3-8 

— 2.0 
-3-2 
-4.8 

— x.o 
-1.6 
+ 1.6 

— 3.0 

— a .3 



Remarks 



Subcut, injec. of 2 I. U. insulin x 2. 
Subcut tnftc. of 4 L U. insulin x 2. 
Subcut, injec. of 4 /. U. insulin x a. 
Subcut. injtc. of 6 I. U. insulin x ;. 
I. ven. inf. of i4.5 I. U. insulin in 36 ml 0.9 

p. c. NaQ-sol. 
I. ven. inf. of 18.7 I. U. insulin in 46 ml 0.9 

p. e. NaQ-sol. 
I. ven. inf. of 97 I. U. insulin in 67.6 ml 0.9 

p. e. NaQ-sol. 
I. ven, inf. of aa.4 T. U. insulin in 4a ml 0.9 

p. c. NaQ-sol. 
I. ven. inf. of 31.4 I. U. insulin in 78.5 ml 0.9 

p. c. NaQ-sol. 
I. ven inf. of 34 I. U. insulin in 70 ml 0.9 

p. c NaQ-sol. 
I. ven. inf. of ax. 6 I. U. insulin in 49 ml 0.9 

p, c. NaQ-sol. . 
I. ven. inf. of 31.4 I. U. insulin in 60.4 ml 0.9 

p. c. NaQ-sol. 
/. vsn. inf. of j6.J T. U. insulin in 70,4 ml 

0.9 p. c. NaCl-sol. 
I. ven. inf. of 39.6 /. U. insulin in 43 ml 

0.9 p. c. NaCl-sol. 



Rabbits Nos. 16-19 fed on 40 p. c. tat diet. 
• - „— 90—37 — „— ' 80 — . 
— 98 and 99 fed on normal diet. 
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Fig. 14. Experiment No. 24. Intravenous infusion of insulin 
in 0.9 per cent NaCl-solution. 



a. Blood Sugar and Blood Fat 
The blood sugar is found to decrease as a result of the administration 
of insulin, but this decrease is, as already mentioned, not so great in all 
the experiments as might be expected. In Experiment No. 16 the blood 
sugar declines after injection of 2 I. U. subcutaneously from 150 mg/100 ml 
to 78 mg/100 mi after the lapse of 2% hours and a renewed subcutaneous 
injection of insulin does not effect any further, reduction of the blood sugar. 
In Experiment No. 19 a subcutaneous injection of 6 I.U. leads to a fall 
in blood sugar from 123 mg per cent to 68 mg per cent in the course of 
3 hours and a further injection of 6 I. U. subcutaneously fails to lower the 
blood sugar more than to 59 mg per cent. In Experiment No. 22 an 
intravenous injection of 16.2 I. U in 40.5 ml. of 0.9 per cent NaCl-solution 
occasions a fall of blood sugar from 123 mg per cent to 65 mg per cent in 
the course of about 3 hours and a continued infusion of 10.8 I. U. in saline 
solution brings about no further decrease of blood sugar. One international 
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Fig. 15. Blood sugar curves after administration of insulin at the point of time 0. 

1. Rabbit, i.8 kg, with fatty liver, in waking state. Subcutaneous injection of 1.6 I.U. 

2. Rabbit, 2.1 kg, with normal liver in narcosis. Intravenous injection of s LTJ. 

3. Rabbit, 2.1 kg, > » » » » Intramuscular injection of 10 I.U. 

( Intravenous injection of to I.U. 

4. Rabbit, 2.0 kg, » > » » » \ £ntramuscu i ar injection of 10 LU. 

5. Rabbit, 2.3 kg, » » » » > Intravenous injection of 2 LU. 

insulin unit equals about % of the original Toronto unit. According to the 
given definition a subcutaneous injection of I Toronto unit into a fasting 
rabbit weighing about 2 kg shall in the course of 3 or 4 hours bring the 
blood sugar down to the cramp-producing threshold value of 45 mg 
per cent. Even if we reckon with a considerable individual variation 
in the extent of this fall in blood sugar, yet we will come to the result 
that with the dosage employed there is not always attained the same 
blood-sugar-reducing effect on rabbits in Pernocton-narcosis as with a 
smaller dose of insulin on animals in waking state. That the weakened 
effect of insulin on the blood sugar in these animals is not due to their 
having been kept on a high fat diet is proved by the following experiment 
(Fig. 15) : A rabbit which had been kept on a high fat diet for 15 days 
and had afterwards fasted for 23 hours is given 1.6 I. U. of insulin in 2 ml 
aq. dest subcutaneously in waking state and the blood sugar curve is then 
recordied. The appearance of the curve accords with what is found in 
normally fed rabbits after a fast of 24 hours. On the other hand, the effect 
of insulin during narcosis has been studied in normally fed rabbits. In 4 
experiments different doses of insulin dissolved in 1 ml aq. dest. were given, 
sometimes intravenously, sometimes intramuscularly. It appears from 
these experiments that large doses of insulin in narcosis do not occasion any 
greater fall in the blood sugar than does a small dose (2 LU.): Whether 
a small dose of insulin has less effect when given during narcosis than it 
has in waking state cannot be seen from these few experiments. To decide 
that question it would be necessary to have a large body of material for 
investigation. Mulinos (104) found that insulin in small doses acted in 
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Fig. 1 6. Hemoglobin content in blood in two rabbits during infusion of insulin 
dissolved in 0.9 per cent NaCl-solution. Sahli's method. 

1. Infusion of 21.5 I.U. in 49 ml saline solution. 

2. » » 31.4 » » 60 » » » 
Haemoglobin content before infusion begins « 100 per cent. 



the same manner during Pernocton-narcosis as on an animal in waking state. . 
The fact that in several of the experiments in the present work a maximum 
fall in blood sugar was not attained after large doses of insulin may be due 
to the method of administration employed, namely, slow intravenous infusion, 
"but it is also possible to maintain that the effusion of adrenalin, which may 
be presumed to take place during these experiments, is the cause of the 
restriction in fall of blood sugar after insulin that is here observed. 

It has already been mentioned that if the insulin is given to the animals 
twice during the experiment the effect of the last dose will in most cases 
be weaker than that of the first.' In several of the experiments the second 
dose merely contributes to keep the blood sugar at the level to which it had 
been brought down by the first dose, even if that level was not parti- 
cularly low. 

In order to be able to judge correctly respecting the variations in blood 
sugar under the influence of insulin when considerable quantities of liquid 
are infused at the same time it is necessary also to have some knowledge 
as to the organism's water economy during the experiments. If changes 
take place in the blood during the experiment, feither in the form of thickening 
or dilution, they will lead to variations in the blood's percental content of 
sugar and must consequently be taken into account when it is desired to 
study the actual effect of the insulin on a particular one of the components 
of the blood. When dealing with the control experiments it was mentioned 
that intravenous injection of salt water brings about a dilution of the 
blood. The question now is whether the addition of insulin to the liquid 
injected will occasion an alteration in the effect produced by the saline 
solution. The action of insulin on the content of water in the blood and on 
the excretion of urine has been previously studied by several investigators. 
Haldane, Kay and Smith (68) gave large doses of insulin to non-narcotised 
rabbits and found that the blood increased in volume, which they deduce 
from the fact that the figures for haemoglobin, haematocrite values and 
number of red blood-corpuscles declined. Vollmer and Serebrijski (138) 
after making some Vollhard water-tests on human subjects found an anti- 
diuretic action of insulin. Collazo and Dobreff (29) studied the urin? 
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Fig. 17. Haemoglobin content in blood in 4 rabbits after injections of insulin 
at the point of time o. 
1. Intravenous injection of 1 I.U. 
\ Intravenous injection of 10 I. U. 1 
' \ Intramuscular injection of 10 I.U. 

3. Intravenous injection of 5 I.U. 

4. Intramuscular injection of 10 I.U. 
Haemoglobin content before infusion begins = 100 per cent. 

excretion in dogs after insulin. From the tables published by these authors 
it appears that the excretion of urine decreases in the first i% to 3 hours 
after injection of insulin, whereupon the quantity of urine increases. As 
the insulin was given intravenously and consequently exercised its effects 
immediately, the conclusion to be drawn from the experiments must be that 
insulin reduces the excretion of urine. Siebeck (126) maintains that the 
influence of insulin on the water economy of the organism seems to vary 
and he points out that edema may occasionally develop during insulin 
treatment. Statjb (129) sums up the results arrived at by the different 
investigators respecting the action of insulin on the organism's water 
economy as showing that small doses of insulin which do not occasion any 
great changes in the blood sugar likewise fail to produce any material 
alterations in the water content of blood and tissue in persons and animals 
with normal metabolism. Large doses, however, lead to retention of water 
and salt in the tissues. 

In two experiments, where insulin in 0.9 per cent NaCl-solution was 
injected into fat-fed rabbits, the present author investigated the haemoglobin 
content of the blood by Sahli's method (Fig. 16). The results show that the 
amount of haemoglobin in the blood here decreases, just as in the experi- 
ments where salt water alone was injected. The quantities of insulin 
injected in these experiments accordingly does not seem to affect the haemo- 
globin concentration in the blood. In some experiments on normally fed 
rabbits (in narcosis and water-bath) — Fig. 17 — in which the insulin 
was dissolved in a very small quantity of liquid (1 ml) and injected intra- 
venously or intramuscularly, the haemoglobin content of the blood (estimated 
colorimetrically as CO-haemoglobin) was found in some cases to have 
increased, in others to have declined. From Table 14 a it is seen, however, 
that insulin exercises a considerable influence on the organism's water 
economy. In spite of the large quantities of water injected together with 
the insulin into the fat-fed rabbits the amount df urine excreted during the 
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period of experiment is very scanty. In 3 of the insulin experiments during 
which from 42 to 70 ml of liquid were injected the quantity of urine excreted 
ranges from 5 to 12 ml, and the urine is concentrated and slightly viscid. 
In one of the experiments, however, where 78.5 ml of physiological saline 
"solution were injected, the urine excretion amounted to 40 ml. These 
findings show that a considerable portion of the liquid injected is retained 
in the organism, but at the same time they show that the cause of this 
retention of water is hardly to be sought for in impaired renal function 
The fact that the urine excreted is concentrated suggests that the cause of 
the reduced urine excretion must be looked for extrarenal^, and then most 
probably in a retention of water in the tissues. 

The moderate degree of blood dilution occurring during the insulin 
infusions occasions a slight decrease in concentration of the different con- 
stituents of the blood, corresponding to the percental fall hvthe Sahh values. 

In all but one of the insulin experiments a reduction of the blood's 
content of fat is seen to take place. The extent of this decrease varies 
from 4 to 16 per cent of the initial value. This decline in the percentage 
of fat contained in the blood in the separate experiments will have been 
occasioned, at least in part, by. the dilution of the blood observed during 
the injection of insulin. That part of the percental decrease in the fat 
content of the blood which is due to this dilution must be deducted from the 
figures given in the table in order to ascertain what percentage of the fall 
in blood fat is a direct consequence of the action of the insulin Determin- 
ation of the blood dilution that occurs has not been made in all the insulin 
experiments and for that reason it is difficult to draw more definite con- 
clusions as to the direct action of insulin on the blood fat. The circumstance 
that the blood fat also decreases during those insulin experiments where no 
intravenous infusion of liquid is made, but where the insulin is injected 
intramuscularly in concentrated solution, seems, however, to indicate that 
in the experiments performed there is a tendency to a fall in the fat content 
of the blood under the influence of insulin. 

b. Liver Glycogen and Liver Fat. 
The liver's content of glycogen and fat has been investigated in the 
same manner as in the control tests, the results being shown in the tables. 
The glycogen content in the liver decreases during the experiments, but in 
greatly varying degree, as was also found in the control experiments. The 
changes which the glycogen in the liver undergoes, expressed in percentage 
of the content at the beginning of the experiment and calculated per hour 
range from 4,3 to 12,1 per cent, as against 1,8 to 12 per cent in the control 
experiments, and the loss of glycogen, expressed in mg reckoned on the basis 
of the liver-weight at the conclusion of the experiment, varies from 6 to 
205 mg per kg of body-weight per hour, as against a corresponding variation 
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of from 8 to 178 mg per kg in the control experiments. In spite of 
administration of insulin in large doses there is thus found no distinct alter- 
ation in the rapidity with which the glycogen in the liver decreases m a 
fasting rabbit with fatty liver. There has not been detected any increase 
in the loss of glycogen from the liver which would indicate an increased 
break-down of liver glycogen. Neither has there occurred any retardation 
of the loss of glycogen. Especially it must be pointed out that in these 
experiments with administration of insulin there has in no case occurred 
any increase of the glycogen content in the liver which might point either 
to a conveyance of carbohydrates from stores elsewhere in the organism 
or to new-formation of carbohydrates. 

The content of fatty acids in the liver in the 4 experiments where the 
insulin is given to the animals subcutaneously shows no alterations of such 
extent that they can be assigned any importance. These four rabbits had 
been fed on a diet containing 40 per cent of coco-fat and the fatty acid 
content of the liver was in all of them very high. In the 8 experiments on 
rabbits which had received a 20 per cent fat diet there occur, however, 
during intravenous administration of insulin considerable changes m the 
percentage of fatty acids contained in the liver. In all experiments the 
content of fatty acids in the liver increases and in some cases this increase 
is very considerable. Expressed in percentage of the content at the beginning 
of the experiment and reckoned per hour, this increase varies from 2,4 up 
to as much a? 18.6 per cent. The increase is greatest in Experiments 20, 21 
and 22, the percentage of fatty adds in the liver having risen front 10.15 to 
1648 in No. 20, from 9.93 to 17.65 in No. 21 and from 8.60 to 20.12 m 
No. 22. But also in other experiments the percentage of fatty acids has 
risen considerably, in No. 26, for instance, from 16.82 to 20.84, in No. 25, 
from 13.53 to 17.15 and in No. 27, from if.33 to 19-94 ™ the course of 
6 hours. In one single experiment no increase of the fatty acid content in 
the liver was observed during infusion of insulin, but this experiment is 
not included in the table, as there may be some doubt as to its validity, 
seeing that the liver in this case showed pathological changes, being pervaded 
by numerous cystic formations which were assumed to originate from 
infection by intestinal worms. 

c. Muscle Glycogen and Muscle Fat. . 

The glycogen content of the muscles shows a somewhat varying 
behaviour during administration of insulin. In most experiments the 
quantity of glycogen in the symmetrical muscles examined decreases, in 
some cases very considerably, while in some few experiments an increase 
of muscle glycogen occurs. In one of these latter the increase is very great. 
In this experiment, however, the percentage of glycogen in the two pairs 



of muscles examined was at the outset very low (0.33 per cent). It must 
be remembered that also in the control tests considerable variations in the 
content of muscle glycogen might be observed, and it cannot be concluded 
from the experiments with insulin that the variations here seen are greater 
than those found in the control experiments. In order to ascertain whether 
the content of water in the muscles undergoes any change during the 
administration of insulin examination of the quantity of water in sym- 
metrical muscles was made in two of the experiments. As is seen from 
Table 15, the content of water in the muscles remains almost unchanged 
during these experiments. 

The fat content in the muscles decreases under the influence of insulin 
in most of the experiments, but in very different degree. In some cases the 
loss of fat from the muscles is very great and in one experiment it ampunts 
to as much as 43 per cent of the initial content. In another case the decrease 
during the whole period of experiment is 38 per cent. No movement of the 
muscles takes place during the time the experiment lasts and the most 
reasonable explanation of the decreasing fat content therefore is that the 
fat must in some form or other be transported away from the muscle through 
the action of the insulin. As to why this transference of muscle fat is 
greater in some experiments than in others no plausible explanation can be 
given on the basis of the analyses performed. 

d. Summary of Results. 
The results of the investigations respecting the effects produced by 
administration of large doses of insulin on fat-fed rabbits may. be summed 
up as follows: 

Whereas the glycogen in the liver decreases in almost the same manner 
as in the control experiments, the fatty acids in that organ show a consider- 
able, though somewhat varying, increase under the influence of insulin in 
most of the experiments. As regards the muscles the findings show some 
variation. In most cases, however, there is a loss both of glycogen and 
fatty acids. 

The blood sugar declines during dosage with insulin, but in several of 
the experiments the fall is not of maximum extent, in spite of the 
employment of large doses of insulin. The blood fat also decreases some- 
what during the experiments. This action of insulin on blood sugar and 
blood fat is partly of secondary nature, seeing that the intravenous infusion 
of liquid leads to dilution of the blood, and as far as regards the blood fat, 
the decrease of which is small, the dilution of the blood affords a certain 
amount of explanation. Meanwhile there are also signs to indicate that 
the insulin directly reduces the fat content of the blood. 
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3. Discussion. 

a. The Action of Insulin on the Fat Content of Liver and Muscles. 
The most prominent feature in this picture of the effects of insulin 
on rabbits that were fed on high fat diet is the great accumulation of fatty 
acids which takes place in the liver. In what manner shall we now explain 
this great increase in the percentage of fatty acids in this organ? As already 
mentioned when speaking of the control experiments, a reduction of the 
content of water in the liver will naturally bring about some increase of the 
percental proportion of the various solid constituents. A drying up of the 
liver would lead to an increased percentage of fatty acids therein. But no 
such pronounced desiccation and skrinkage of the liver as would afford a 
reasonable explanation of the findings made have been observed. Nor 
would it be reasonable to expect such an effect in these experiments. The 
tendency of the insulin is, as we know, to bring about a retention of water 
in' the tissues rather than a desiccation. In two of the experiments the 
content of water in the liver was determined at the beginning- and at the 
close of the experiment without any material* alterations being demonstrated. 
(Table 15). Neither is it reasonable to suppose that a change in the blood 
content of the samples taken in these experiments could explain the great, 
alterations in the percentage of fat in the liver. Moreover, in several of 
the experiments the quantities of fat accumulated are so large that they 
cannot be explained by the assumption that the glycogen in the liver has been 
converted into fat through the action of the insulin. Neither is the loss of 
sugar and glycogen observed in blood and muscle under the influence of 
insulin sufficient alone to explain the accumulation of the large quantities 
of fat in the liver. It then remains for us to assume that the fat which 



Table 15. 

Content of Water in Liver and Muscles during 
Administration of Insulin. 
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accumulates in the liver has, at any rate in part, been conveyed thereto from 
other parts of the organism. 

It is of especial interest to note that this effect on the liver from 
intravenous administration of insulin is either not at all or only in slight 
degree apparent in rabbits which have been receiving ordinary food and 
have a normal content of fat in the liver. In Experiments Nos. 28 and 29 
very small variations occur in the fat content of the liver during 
administration of large doses of insulin. It seems difficult to give an 
explanation of this difference between normally fed and fat-fed rabbits, but 
it is natural to suppose that the difference must be regarded in connection 
with the diversity existing in intermediary metabolism between rabbits 
receiving normal food and those on high fat diet. 

The effect of insulin on the different forms of fatty liver have earlier 
been made the subject for a number of investigations. Already in 1922 
Banting and co-workers (5) was able to state that administration of insulin 
. to pancreas-diabetic dogs caused an improvement in the fatty liver in these 
animals and reduced the fat content of the blood. While non-treated 
pancreas-diabetic dogs had a "fat content in the liver of from 9.9 to 14. 1 
per cent, similar animals after treatment with insulin had not more than 
from 2.2 to 7.4 per cent of fat, and the blood fat fell from 1 per cent to 
between 0.3 and 0.5 per cent. Macleod (95) reports that the fat content 
in the liver of pancreas-diabetic dogs already a couple of days after they had 
been given glucose and insulin lay considerably lower than in non-treated 
animals. Hotta (70) found in the liver of 2 pancreas-diabetic dogs an 
average fat content of 18.5 per cent. Three such dogs which had been 
treated with large doses of insulin showed, on the other hand, an average 
fat content of 5.03 per cent in the liver. He found no distinct effect from 
the insulin on the fat content in the muscles. Wertheimer (140—141) 
found in his phlorizin-diabetic dogs that fatty liver cpuld be prevented from 
developing if insulin was given together with the phlorizin. He was like- 
wise able by administration of insulin to obtain improvement in phlorizin 
fatty liver that had already developed. Also MObius (105) found the fatty 
Hver less pronounced in dogs after phlorizin when insulin was administered 
at the same time. The content of fat in the muscles, however, was higher 
in the animals which had been given insulin together with the phlorizin. 
Arndt and Greiling (2) on the other hand found in rabbits which had 
been given phosphorus and insulin together that the Hver contained increased 
amounts of fat but no glycogen. Raper and Smith (118) studied the effects 
of insulin on the fat content in liver and muscles in cats, in some of which 
a high percentage of fat (up to 32 per cent) had been obtained in the liver 
by fat-feeding. The experiments were carried out on decerebrated cats in 
which also the hypophysis had been destroyed. Raper and Smith found 
that, when the action of the insulin was so marked that it led to hypo- 
glycaemia (4.5 to 10 clinical units per kg of body-weight), the content of 
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fat in the liver decreased. In the muscles, however, the percentage of fat 
increased, likewise the percentage of fat in the blood. 

Also on animals with normal content of fat in the liver several investig- 
ations have been carried out respecting the influence of insulin on the 
quantity of fat in different organs. Page, Pasternak, and Burt (hi) m 
experiments of short duration on rabbits found no change in fat content 
of the liver after large doses of insulin, whereas the total-fat and especially 

• • the content of phosphatides in serum decreased under the influence of- 

insulin. Satoh (122) observed no decided influence on the fat percentage 
V in the liver of normally fed cats during administration of insulin. Theis 

(135), after having given to rabbits on ordinary diet 3 units of insulin 
daily for 3 weeks, noted a decline in the quantity of fat in the liver. In short 
experiments, however, where the liver was analysed 6 hours after admini- 
stration of a single dose of insulin there was a slight increase in the content 
of fat. In all experiments with insulin the relative percentage of phosphor 
lipides in the liver fat decreased. Dudley and Marrian (47) injected 
insuKn into mice and determined the content of fat in the liver after insulin 
■ convulsions had set in. They could find no increase of the fat content in 
the liver during the experiment. Sopp and Selbach (127) investigated the 
blood sugar and blood fat in dogs which had first , been given food rich 
in carbohydrates without insulin for 8 days and afterwards the same diet 
with insulin. The animals were then killed and the content of fat and 
glycogen in liver and muscles was determined. The percentage of blood fat 
increased under the influence of insulin, the increase being greatest when 

• • the blood sugar content was lowest. The results of the analyses of some 

organs were compared with findings made in dogs that had been kept 
on the same high carbohydrate diet without insulin and the investigators 
then found that under the influence of insulin there had taken place a 
decrease in the liver's content of glycogen and fat, while the percentage 
thereof in the muscles had increased. Omura and Nitta (109) made 
determination of fat ad modum Soxleth in a number of organs m rabbits 
after injection of insulin and found that the fat content increased in the 
heart, muscles and kidneys, but showed a tendency to decrease in the liver. 
. In fat determinations made in the whole organism of mice both after insulin 
alone and after insulin + glucose an increase of the fat content was found 
in both cases. Vended (137) studied the effect of insulin on dogs which 
had been kept in Pernocton anesthesia during the experiment. The arrange- 
ment of the experiment was similar to that adopted in the present work, 
samples for fat determination being taken from the liver of the same animal 
at two different times. The variations in blood fat were likewise examined. 
The determination of fat in liver and blood was made in large portions of 
tissue after Soxleth's method. In experiments of from 3 to 6 hours' duration 
on fasting dogs Vendeg found after injection of 1 I. U. per kg of body- 
weight per 1% hours that the liver fat increased in 5 out of 6 experiments. 
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The quantity of fat in the blood showed in general a decreasing tendency. 
Himwich and Spiers (69) in experiments on dogs found that insulin in 
doses of from 1 to 2 units per kg which produce distinct hypoglycemia 
cause a reduction of the blood fat content. Tangl (133), on the other 
hand, after administering one large dose of insulin to one single dog, found 
that the blood fat content increased. 

From the findings of these authors it appears that in animals with 
greatly increased fat content in the liver, due to pancreas diabetes or 
phlorizin diabetes, administration of insulin will cause the percentage of 
fat to decrease. In cats in which fatty liver has been produced by feeding 
on a diet rich in fat Raper and Smith also find that the amount of fat m the 
liver declines during dosage with insulin, while the fat content in the muscles 
increases. In opposition hereto stand the findings made by the present 
author. Although Raper and Smith employed the same method for pro- 
ducing fatty liver a$ that adopted in this work, yet no comparison can be 
drawn between their findings and those of the author, owing to the important 
differences in the arrangement of the experiments, especially the circum- 
stance that Raper and Smith operated with decerebrated cats in which the 
hypophysis had been destroyed. The role played by the hypophysis m fat 
metabolism has as yet been little investigated, but we know from clinical 
experiences as well as from experiments on animals that its importance in 
this respect is very great. 

The influence of insulin on fatty livers, whether produced by a diet 
rich in fat or arising as sequel to pancreas diabetes or phlorizin diabetes, 
varies, as is seen, very greatly. The fat accumulation in the liver due to 
pancreas or phlorizin diabetes diminishes after administration of insulin, 
whereas the fatty liver produced in rabbits by feeding with fat is found m 
the experiments reported rather to increase its content of fat under 
the influence of insulin. This difference in the effect of insulin must, 
however, be regarded in connection with the divergency that has also been 
observed in the action of insulin on the carbohydrate metabolism in these 
different subjects for experiment. 

The effects of insulin on the fat metabolism observed by the different 
Authors in animals with no rm a 1 content of fat in the liver are, as we see, 
highly divergent. The causes hereof may also be manifold. The plan of 
procedure varies in the different experiments and the chemical methods 
employed by the individual investigators for fat determination are also 
dissimilar. On the one hand, all methods can hardly be said to be equally 
reliable for fat determination in samples of organs and, on the other hand, 
the fat components which are being determined by the different methods 
differ from each other. When to this is added the fact that also the size 
of the doses of insulin employed in the different experiments varies consider- 
ably, we need not be surprised to find that the results of the experiments 
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may be somewhat divergent. Owing to the mode of procedure which 
Vendeg adopted the results of his experiments are particularly interesting. 
His experiments, which, it is true, were carried out on normally fed animals, 
also show that the content of fat in the liver increases during administration 
of insulin. Vendeg interprets the increase as being due to formation of fat 
from carbohydrates. 

From the two experiments which the present author performed on 
normally fed rabbits no far-reaching conclusions can be drawn with respect 
to the action of insulin on the fat content of the organs. These two 
experiments were carried out as a supplement to the experiments on animals 
with livers rich in fat and may here serve for purposes of comparison, since 
the mode of procedure and the chemical methods are otherwise alike. 

b. The Action of Insulin on the Glycogen Content 
in Liver and Muscles. 

The effects produced by insulin on the content of glycogen in liver 
and muscles have been the object of investigation in numerous experiments 
during the years that have elapsed since insulin was first discovered. Never- 
theless it cannot be said that the manner in which insulin acts on the glycogen 
is known, the results of the experimental work being far too .divergent. One 
thing certain, however, is that the effect of insulin on the glycogen in the 
cell is not always one and the same, seeing that the cell reacts sometimes 
with formation; sometimes with break-down of glycogen. In the pancreas- 
diabetic Organism the administration of insulin will bring about a deposition 
of glycogen in the liver. This takes place both when food is given together 
witii the insulin and when the animals are allowed to fast (Com (32)). 
Whether or not the administration of insulin increases the content of 
glycogen in the muscles of pancreas-diabetic animals is more doubtful. The 
glycogen content in the muscles of pancreatectomised animals does not 
decrease so rapidly as the glycogen in the liver. Chaikoff (25) found in 
fasting dogs with pancreas diabetes a glycogen content of the usual dimension 
5 days after administration of insulin ceased. In four dogs the content 
of glycogen (the average for four muscles) varied between 047 and 0.23 
per cent. Debois (43), however, found in pancreas-diabetic dogs that the 
power of building up glycogen in the muscles, when the content thereof 
has fallen owing to exhaustion of the muscle, is dependent on the 
administration of insulin. 

In phlorizinised animals also the content of glycogen in the liver 
increased during treatment with insulin (Mobius, Wertheimer, Cori (32, 
105, 140, 141)). 

In fasting animals the effect of insulin on liver and muscle glycogen 
has been found to vary. Frank, Nothmann and Hartmann (53) operated 
with half-grown rabbits which had fasted for 4 days before the experiments 
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began, whereby the animals came to have a low and comparatively uniform 
content of glycogen, not exceeding 0.3 per cent in the liver. On administration 
of small doses of insulin the glycogen content in the liver might now, in 
short experiments lasting about 4 hours, be found to increase up to ^3.8 per 
cent The muscle glycogen showed no change. In a dog wh.ch had fasted 
for S days it was also found possible in an experiment lastmg 6 hours to 
show an increase of glycogen from 0.4 to 1.02 per cent In this case a 
large dose of insulin was given, about 20 clinical units. Goldblatt (62 
_6 4 ) worked with young rabbits weighing from 300 to 400 g, wh.ch he 
starved for 24 hours before the experiments. These animals had likewise 
a very low content of glycogen in the liver. After small doses of msulin 
he found a considerable increase in liver glycogen, while at the same time, 
however, a decrease of muscle glycogen took place in several experiments. 
But Goldblatt thinks that this fall in muscle glycogen is not sufficient 
to explain the increase in the content of glycogen in the liver. Goldblatt 
supposes that the increase of glycogen in the liver may have arisen through 
gluco-neogenesis and that the insulin hypoglycemia stimulates this new- 
formation of carbohydrates. Barbour. Chaxkoff, Macleod and Orr (6) 
allowed rats to starve for 48 hours and then gave them small doses of 
insulin, the animals being killed 1, 1% and 2 hours afterwards. The results 
of these experiments show that, after the smallest dose of msultn, 1 unit 
per kg, there comes after the first hour a decrease of liver glycogen which, 
again, 2 hours later is altered to an increase. The muscle glycogen 
decreases under the influence of insulin. PogXny (115) made a determin- 
ation of the total content of glycogen in the whole organism after admini- 
stration of insulin and found that after small doses (0.5 to 1 clinical unit 
per kg) the combined amount of glycogen increased. Even though in these 
experiments a loss of glycogen from the muscles has occurred simultane- 
ously with an increase in the liver, yet the insulin, is in these cases found 
to have led to a net increase of glycogen in the organism. When Pogany 
gave his mice such large doses of insulin that hypoglycemic convulsion set 
in, the glycogen rapidly disappeared from the organism. Nielsen (107) 
investigated the effects of insulin on surviving perfused rabbit livers and 
found that doses larger than % I. U. led to a loss of liver glycogen, which 
found expression in an increase of the sugar content in the perfusion liquid 
If smaller doses than % I. U. were given the content of sugar in the liquid 
decreased during the process of perfusion in the same manner as in 
experiments without adminstration of insulin. In all these experiments the 
percentage of sugar in the perfusion liquid lay considerably above the normal 
blood sugar level. On injection of rather large doses of insulin into fasting 
normal animals Cori (32) found either no change in the amount of liver 
glycogen or else a decrease thereof. Corkill (41) made similar findings 
in an Australian plant-eating animal (Trichosurus). Burger and Kohl (23) 
injected insulin intraportally into dogs in somnifen narcosis and determined 
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the glycogen content of the liver at different times during the experiment. 
Without administration of insulin there took place in the course of the 
experiment a steady fall of glycogen in the liver, while if insulin was given 
intraportally (0.4 to 0.6 units of crystalline insuhn per kg) the fall in liver 
glycogen was slightly more rapid than in the control experiments. Cori 
and Cori (36) found that administration of insulin (o. 7S units per 100 g 
. of weight) to normal rats in postabsorptive state accelerates the decom- 
position of glycogen in the liver, while the muscle glycogen does not show 
a greater decrease in the insulin experiments than in the control tests. 

From the examples given above of action, of insulin on the liver glycogen 
under various experimental circumstances it appears that it is in animals 
whose livers are beforehand very poorly supplied with glycogen that insulin 
brings about an increase in liver glycogen. The livers of pancreas-diabetic 
and phlorizin-diabetic animals, for example, are very poor in glycogen and 
in such cases dosage with insulin leads to deposition of glycogen in the liver. 
Goldblatt and Frank and his co-workers employed young animals and starved 
them for so long before the experiment that the content of glycogen m 
the liver was very low (0.2 to 0.3 per cent) and in these animals an 
increase of glycogen in the liver was observed after administration of small 
doses of insulin. 

In the other experiments it is found that after very small doses of 
insulin an increase in the glycogen content may take place, whereas insulm 
administered in large doses was either without effect or else led to decompo- 
sition of glycogen. In the experiments which have been earned out ,n the 
present work and in which large.doses of insulin were employed it cannot 
be decided with certainty whether the insulin has been without influence 
on the decomposition of glycogen in the liver or whether it has brought abou 
an increased glycogenosis. Meanwhile the experiments have shown that 
when examining the question of changes in the liver's content of glycogen 
we cannot omit to investigate at the same time the behaviour of the muscle 
glycogen. From the above-cited works of other, authors respecting the 
effects of insulin on the glycogen in the organism it is also seen that the 
muscle glycogen often decreases somewhat under the influence of insulin 
Corkill maintained that this effect of insulin is in reality an action of 
adrenalin which has been brought about through an increased secretion 
of adrenalin in the suprarenals as a result of the dosage with insulin. The 
same view has also been adopted by Cori. In the .investigations described 
in this work there has also been observed in most of the insulin experiments 
a decrease of the content, of glycogen in the muscles and the most natural 
manner of explaining this decrease is to assume, as does Corkill, that it 
is due to an action of adrenalin. The glycogen in the muscles is broken 
down to lactic acid by the adrenalin. As lactic acid can be converted 
into glycogen in the liver, it is possible that the break down of glycogen which 
in many of the insulin experiments was seen to take place in the muscles has 
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led to formation of glycogen in the liver. It may therefore be imagined 
that the fall .in liver, glycogen observed during the experiments with insulin 
would have been greater if the muscle glycogen had not been attacked at 
the same time. A similar view has been advanced as regards the control 
experiments. Also in the most of these experiments the muscle glycogen 
showed a fall at the same time as the liver glycogen decreased. 



c. Summary. 

If the effects of insulin on the glycogen content and on the fat content 
of the liver are regarded in combination, it will be seen from the above- 
cited experiments of other authors that the experiments in which the 
quantity of fat in the liver decreases during administration of insulin are 
also those in which its content of glycogen increases. Both in pancreatic and 
in phlorizinic diabetes the liver has a large content of fat and a very scanty 
supply of glycogen. After administration of insulin the liver cells will 
augment their content of glycogen, while at the same time the store of fat 
will diminish. 

In livers in which the accumulation of fat is due to other factors 
than a pancreatic or a phlorizinic diabetes we do not, however, find the same 
effect from the insulin. The fatty liver due to poisoning by phosphorus it 
was not possible to remedy by administration of insulin, but neither was 
it possible by means of insulin to increase the content of glycogen in 
the liver. 

The fatty liver produced by feeding with high fat diet differs from the 
diabetic livers and from, the fatty liver due to phosphorus in the fact that 
the glycogen content is not greatly reduced. As is seen from the tables, the 
author has found in these fatty livers produced by diet a glycogen content 
Of more than 5 per cent even after from 18 to 24 hours' fasting. In many 
eases, it is true, a considerably lower content of glycogen was recorded, 
down to as low as 0.3 per cent, but even in these cases the poverty in glycogen 
cannot be regarded as very pronounced. Whereas the accumulation of fat 
in the fatty liver due to diabetes or phlorizin, and doubtless also in that 
caused by. phosphorus poisoning, is of secondary nature, the storage of 
fat in the cells of the fatty livers produced by feeding is a primary process 
evoked by the lively metabolism of fat. The glycogen content in such livers 
has no significance for the occurrence of fatty liver of this type. This . 
discovery made it at once less probable that one could bring about a reduction 
of the fat content in the fatty liver due to diet through Tan increase of the 
glycogen content in the organ. 

The experiments made with administration of insulin to fat-fed animals 
have shown that the content of glycogen in the liver is reduced thereby 
and the fat content increased. These findings, however, do not prove, as 
might at first glance be supposed, that under these conditions there never 
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♦heless exists an antagonism between glycogen and fat in the liver. For in 
it or^TJ^L there also occurs a decline in the liver's content of 
glycogen, without its being possible to detect any material increase » the 
Rentage of fat. The rise in the fat content ,n the liver seems her for 
\o be directly brought about by administration of .nsuhn. No ncrease of 
L glycogJcontent has at any time been found in these expenments, nor 
has there ever been observed any reduction in the quantity of at. 

One manner in which this accumulation of fat in the hver during 
dosage with insulin might be explained is to assume that a m.pation of 
fat to the liver has taken place. In several of the msulm expenments the 
n rease of fat in the liver was accompanied by a reduction of the quantity 
Mat 1 tL muscle, It is possible that there is a correlation £tween this 
decrease of fat in the muscles and the increase thereof in the hver, but 
othe wise it might be imagined that it is the fat tissue that has ^pphed 
material for the accumulation of fat in the liver. It may be objected that 
The changes occurring in the blood's content of fat dunng these „*. 
experiments are very small and do not seem to stand » P^«i)to *e 
increased transportation of fat that must have taken place Meanwhile the 
fat content in tie blood is dependent, on the one hand, on the ra P id£r wrth 
which the fat is mobilised and conveyed to the blood ^vessels the othe 

hand, on the celerity with which the fat passes from the blood into the. 
organs in which it is to be stored. Provided the peripheral mobri.sat.on o 
the fat and its deposition in the liver keep pace with each other no gi-eat 
changes in the fat content of the blood need necessarily occur. The tendency 
o aTcrease in the quantity of fat in the blood which has ;-erthe£s been 
observed in these experiments would seem to indicate , ft* £e 
which the hepatic cells have taken up fat from the blood ha s^ actuaHy 
exceeded the speed with which the fat is mobilised in other P"* °f the 
organism. Cf. Leathes and Ra.ek (8 S> P- ISD- A ™?*™°* % *™ 
the depots to the liver in case of fatty liver due to adrmmstration of other 
hormones has been demonstrated. Bakhet, Best and RroouT _ ( 7 using 
a method of labelling fatty acids with deuterium, thus found that the f at wich 
accumulates in the liver when certain extracts of the anterior pituitary 
gland are administered is derived from the body depots. 

The possibility also exists that the fat deposited in the liver has been 
formed therein from glucose. Geelmuyden (58. p. 96). together with other 
authors, maintains that insulin promotesthe formation of fat from sugar. 
The loss of carbohydrates which, as may be seen from the results, has 
occurred during the experiments is, however, hardly sufficient alone to 
explain the accumulation of fat in the liver, if it is a fact that the formation 
of fat from sugar proceeds in the proportions which BleIbtreu (13) and 
Magnus-Levy (97) supposed. 

Mann and Magath's experiments in liver extirpation have shown that 
dehepatised animals must constantly be given glucose in order to maintain 
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the normal blood' sugar content. Assuming that the blood sugar in normal 
animals is, at any rate partly, maintained by a new-formation of sugar 
(from protein and possibly fat), it might be supposed that also this sugar 
became again converted to fat under the influence of the insulin. In order 
to account for the increase of fat in the liver in such case it would, of 
course, be necessary to assume that the fat which formed the initial mater.al 
in this reversible process lay outside the liver. 



VII. Experiments with Insulin + Glucose and with 

Glucose Alone. 

I. Liver Fat in Relation to Liver Glycogen. 
Experimental Results with Brief Discussion. 

In the preceding chapter the view was maintained that the changes 
which took place in the fat content of the liver during intravenous infusion 
of a thin solution of insulin in 0.9 per cent NaCl into rabbits fed with fat 
did not stand in any causal relationship to the alterations occurring at the 
same time in the content of glycogen in the liver. It may be objected that 
the experiences on which this view is based are not sufficiently complete, 
seeing that the glycogen in the liver decreased during all the experiments 
with insulin and in no single case was an increase of glycogen observed 
simultaneously with a rise in the fat content of the liver. It might therefore 
be found desirable to supplement the insulin experiments by some new 
experiments where variations in the fat content in the liver could be studied 
during simultaneous increase in the amount of glycogen in the organ. 
A number of experiments were carried out on fat-fed rabbits to which 
insulin was administered together with large quantities of sugar. As likewise 
this mode of procedure led to no essential increase in the content of glycogen 
in the liver, some experiments were carried out with administration of 
glucose alone. In these different experiments the glucose was conveyed 
either to the duodenum or direct into the blood vessels, while the insulin 
was given intravenously. In the cases where the glucose was introduced 
into the duodenum, it was done through a laparotomy incision, a 40 per cent 
solution of glucose being injected by means of a syringe into the upper 
part of the intestine. The disadvantage of this procedure is that one does not. 
know how much of the glucose is absorbed during the period of experiment. 
. In one of the experiments glucose was still present in the coecum at the end 
of the period, 5 hours after the glucose had been injected into the duodenum. 
The results of these experiments are set forth in tabular form (Tables 16, 
a— d) in the same manner as in the case of the earlier experiments. The 
results of two experiments with insulin + glucose and of two with glucose 
alone are also presented graphically (Figs. 18—21). 



